The purpose of this study was to examine three-and two-body wear values of flowable resin composites for posterior restorations, using a mechanical loading device. The cavities prepared on flattened extracted molars were restored with flowable resin composites (Clearfil Majesty LV: MLV, Estelite Flow Quick: EFQ, Beautifil Flow Plus F00: BFP, and MI Fill: MIF) using accompanying adhesive systems. A universal resin composite (Clearfil Majesty) was used as a control. The specimens were subjected to in vitro three-and two-body wear testing. MLV showed high wear value (three-body: 14.69 µm, two-body: 0.268 mm 3 ) compared with other materials tested in both three-and two-body wear tests. BFP showed high three-body wear value (5.78 µm), whereas low two-body wear value (0.008 mm 3 ). MIF and EFQ showed equivalent wear values (MIF, three-body: 0.42 µm, two-body: 0.026 mm 3 ; EFQ, three-body: 1.15 µm, two-body: 0.14 mm 3 ) to that of the control in both wear tests.
INTRODUCTION
Resin composite restorations in posterior teeth are subject to continuous stress during mastication. This stress provokes considerable wear of resin composite restorations over time 1, 2) . Many studies have been reported on wear resistance of universal resin composites in vitro and in vivo. Their results showed that resin composite wear was improved by the application of various sized particulates and the increase of filler loading [3] [4] [5] [6] . Currently, the wear of resin composites categorized as the universal hybrid type is no longer considered as a major clinical problem 7, 8) . During early development, a flowable resin composite was developed as a cavity liner and a fissure sealant besides restoratives for small cavities, and exhibited inferior physical properties compared with hybrid composites 9) . Therefore, their use was limited to low stress bearing areas. Flowable resin composites can be directly poured into cavities to restore occlusal surfaces using a direct-application syringe. Owing to such an easy handling characteristic, clinical use of flowable resin composite has gradually increased.
Recently, researchers have shown that the physical properties of flowable resin composites can be improved by increasing filler content and modifying filler size 10) . Such improvements expand the clinical application of flowable resin composite to posterior restorations. A few studies have examined the wear resistance of flowable resin composites for posterior teeth using various types of wear machines 11, 12) . Sumino et al. 12) examined the localized wear and flexural properties of flowable resin composites for posterior teeth for comparison with that of universal resin composites produced by the same manufacturers. They suggested that the wear and mechanical properties of the flowable resin composites tested were equivalent to those of universal resin composites. However, the efficiency and long-term performance of contemporary flowable resin composites have yet to be established.
In vitro wear tests are useful methods for the rapid assessment of the wear resistance of resin composite compared with clinical studies that may take years to obtain results. However, little laboratory research has been undertaken to compare the wear resistance of contemporary flowable resin composites.
The purpose of this study was to evaluate the twoand three-body wear of flowable resin composites for posterior restorations using an in vitro wear simulator. The null hypothesis was that flowable resin composites tested would not demonstrate significant difference in wear values compared with a universal resin composite tested. 
Specimen preparation for three-body wear testing
The cusps of extracted human molars were eliminated to obtain flat occlusal enamel surfaces by wet-grinding with a 120 grit silicon carbide paper. A bowl-shaped cavity (approximately 4 mm in diameter, 2 mm in depth) was prepared in the center of the occlusal surface of each tooth using a no.149 regular-cut diamond point under 300,000 rpm and copious irrigation. The cavities were treated with respective adhesive systems (Clearfil S3 Bond ND, Bond Force, G Bond Plus and BeautiBond) according to the instructions of the manufacturers and filled with the corresponding flowable resin composite using a two-layer incremental technique (Tables 1-1 and  1-2) . Each layer was photo-polymerized for 30 s with a light-curing unit (Candelux, Morita, Tokyo, Japan). Specimens were stored in a humidity-controlled (95%) device at 37°C for 48 h. The restored surfaces of the specimens were finished and polished by wet-grinding with a 1500-grit silicon carbide paper (n=5).
Specimen preparation for two-body wear testing
A bowl-shaped cavity (diameter: 4 mm, depth: 2 mm) was prepared in the center of the flat surface of a ceramic block (Vitabloc Mark II, Ivoclar Vivadent, NY, USA) with a no. 149 regular-cut diamond point under 300,000 rpm and copious irrigation. The cavities were treated with 40% phosphoric acid (K-Etchant, Kuraray Noritake Dental) for 10 s, and then water-sprayed and air-blown for 5 s each. The cavities were treated with a silane coupling agent (Ceramic Primer, Kuraray Noritake Dental), and then each bonding agent (Clearfil SE One, Bond Force, G Bond Plus and BeautiBond) was applied and photopolymerized for 10 s (Table 1 -2). The cavities were filled with the corresponding resin composites (Table 1-1) , and the restorations were finished and polished in a manner consistent with the specimen preparation for the three body wear testing (n=5).
Three-body wear testing
A prototype mechanical loading device (Ito Electric Construction, Niigata, Japan, Fig. 1a ) was used as a wear simulator. Each completed specimen was fixed onto a stainless cup with a self-curing acrylic resin, and the cups were mounted on the mechanical loading device. The specimens were covered with slurry of polymethylmethacrylate (PMMA) beads in water. The specimens were subjected to an in vitro three-body wear test 13) , in which a flat-ended cylinder of polyacetal (Delrin, DuPont, Tokyo, Japan) stylus was used to apply a continuous compressive load of 75 N to the surface of each restoration at a rate of 120 contacts/min (Fig. 1b) .
Two-body wear testing
The specimens were fixed to a stainless cup with the self-curing acrylic resin, and the cups were mounted on the mechanical loading device. The specimens were subjected to an in vitro two-body wear test 13) , in which a conical ceramic (aluminum nitride) stylus was used to apply a cyclic compressive load of 75 N to the surface of each restoration in the cup filled with water at a rate of 120 contacts/min (Fig. 1c) .
Measurement of the three-body wear
The worn surfaces of the restorations were scanned and traced at 60,000, 120,000, 180,000, and 240,000 cycles with a profilometer (Surfcom 470A, Tokyo Seimitsu, Tokyo, Japan). A typical profilometric tracing is presented in Fig. 2 . The accuracy of the profilometer was 1 µm. The worn areas on each tracing were measured using an image scanner and Image-Pro Express software (Media Cybernetics, Rockville, MD, USA). The mean depth of wear was calculated by dividing the areas by the diameter of the cavity.
Measurement of the two-body wear
The localized worn surfaces were recorded at 10,000, 20,000, 30,000, and 40,000 cycles using a computercontrolled three-dimensional measuring microscope (STM6DF, Olympus, Tokyo, Japan). A typical 3-D image of worn composite surface is presented in Fig. 3 . The volumetric wear loss of the materials was calculated automatically by the equipment. Table 2 shows the mean wear depths of respective materials after each cycle stage of the three-body wear testing. In particular, substantial wear was detected on MLV specimens after all cycle stages. Two-way ANOVA showed that the material type and wear cycles significantly affected wear depth (the material type: p<0.0001, number of wear cycles: p<0.0001), with a significant interaction between these factors (p<0.0001). The data were statistically analyzed using simple-main-effect analysis with a post-hoc Tukey's test. The simple-main-effect analysis for the factor of wear cycle numbers showed significant differences in MLV and BFP (MLV: p<0.0001, BFP: p=0.0001). A post-hoc Tukey's test revealed significant differences in wear depth of MLV specimens among all wear cycle intervals (p<0.0019) except between 60,000 and 120,000 cycles (p=0.07) and those of BFP specimens between 60,000 and 180,000 (p=0.0036), and 240,000 (p=0.0002), 120,000, and 240,000 (p=0.0062) cycles. The simplemain-effect analysis for the factor of the material type showed significant differences in all wear cycle intervals (p<0.0001). A post-hoc Tukey's test revealed significant differences in wear depth of specimens at 60,000 cycles between MLV and EFQ (p=0.0278), and MIF (p=0.0092), and the control (p=0.0178) and those at 120,000 cycles between MLV and other materials (p<0.0071). There were also significant differences between MLV and other materials (p<0.0001), BFP and EFQ (p=0.0021), and MIF (p=0.0001) and the control (p=0.0012) at 180,000 cycles, and between MLV and other materials (p<0.0001), BFP and EFQ (p=0.0001), and MIF (p<0.0001) and the control (p=0.0002) at 240,000 cycles. Figure 4 shows representative scanning electron microscope (SEM) images (×5,000) of worn surfaces on respective materials after 240,000 cycles. Many defects and gap formations at the filler/matrix interface that appeared to be caused by filler exfoliations were observed in MLV and BFP (Figs. 4a and d) . EFQ showed exposed spherical fillers on the worn surface due to abrasion of the resin matrix, but the filler exfoliation from the material was rarely observed (Fig. 4b) . There was almost no change in the morphology of the MIF worn surface (Fig. 4c) . Most of the control specimens exhibited a relatively smooth surface at low magnification; however, exfoliations and the gap formations were observed in some areas at high magnification (Fig. 4e) . Table 3 shows the mean wear volumes of each material after each cycle stage of the two-body wear testing. The mean wear volumes of MLV and EFQ increased gradually with the increase of wear cycles. MLV in particular exhibited a great amount of wear after all cycle stages compared with other materials. Volumetric wear loss of BFP was minor and comparative to the control. Two-way ANOVA showed that the material type significantly influenced wear volume, but the number of wear cycles did not have a significant effect (the material type: p<0.0001, number of wear cycles: p=0.1768), with no significant interaction between these factors (p=0.9326). A post-hoc Tukey's test revealed significant differences in wear volume between MLV and BFP (p=0.04), and the control (p=0.0451) at 30,000 cycles and those between MLV and MIF (p=0.009), and BFP (p=0.0041), and the control (p=0.0051) at 40,000 cycles. No significant difference was detected among wear volumes in MIF, BFP, EFQ, and the control specimens in all wear cycles (p>0.05). Figure 5 shows representative SEM images (×5,000) of each material after 40,000 cycles. Various sized filler protrusions were observed on the worn surface in MLV, BFP, and the control specimens (Figs. 5a, d and e) . Extremely small filler particles were observed in EFQ (Fig. 5b) . The SEM image of MIF was similar to that of EFQ (Fig. 5c ).
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It is well known that the wear process of resin composites can be explained by three-body (or generalized) wear and two-body (localized) wear. The in vitro three-body wear test is simulated using an abrasive medium between the stylus and the resin composite surface, and two-body wear test is designed to place the stylus in direct contact with the resin composite surface without using an abrasive medium 13) . In previous in vitro wear evaluations of resin composite, various types of wear simulators (e.g., Alabama, OHSU, ACTA, Willytec, etc.) have been used 14) . A loading force of 20 to 120 N was applied to wear testing of resin composite specimens in these wear simulators. The wear simulator used in the current study was a prototype; however, its stylus movement is similar to the Alabama type wear simulator. A cyclic compressive force of 75 N was loaded on the resin composite surface through a cylindrical stylus with PMMA beads indirectly in three-body wear testing, and a conical stylus directly in two-body wear testing. Loading force was produced using the stylus mounted in a spring-loaded piston. During the loading process, the stylus rotated 30 degrees when the maximum load was achieved, and then counterrotated as the stylus returned to its original position. This sequence was repeated at a rate of 120 contacts/ min. Lawson et al. demonstrated how the PMMA slurry seems to function as a practical medium for use in the three-body wear test when the Alabama type wear simulators are used 15) . Therefore, we used PMMA beads as a third-body medium. The PMMA beads were mixed with distilled water in a 3:1 ratio. The comparative evaluation using both generalized and localized wear tests is important to better characterize resin composite wear, as the same resin composite exhibited different wear behavior in two-body and three-body wear tests in a previous study 16) . In the current study, extracted human teeth were used for the generalized wear test to simulate clinical conditions. However, ceramic blocks were used as the tooth substitution in the localized wear test because the wear is strictly generated within the resin composites.
From the results of three-body wear testing, EFQ and MIF showed relatively low wear values equivalent to the control over all loading cycles. Their filler amounts were less than that of the control, but their filler types were quite different, i.e., EFQ contains small spherical fillers, and MIF contains nano-fillers in high density. It is speculated that these fillers experienced minimal frictional shearing stresses during protrusion from the resin matrix throughout the three-body wear process. The spherical fillers in EFQ and highly dense nanofillers in MIF might have contributed to their low wear properties during three-body wear results. On the other hand, MLV showed greater wear depth compared with other materials after 120,000 cycles, and BFP showed greater wear depth compared with other materials except MLV after 180,000 cycles. Assessing from Fig. 5 , the filler particle size contained in MLV and BFP was larger than that in EFQ and MIF, and the interspaces among the fillers in MLV and BFP were larger than other materials. Therefore, it is speculated that because of the protrusion of these large fillers from the restoration surface due to wear of the resin matrix, exfoliation by frictional shearing stresses by the medium (PMMA beads) might easily occur, and this phenomenon led to greater wear in both materials.
Since generalized wear of resin composites initially occurs at the resin matrix by means of abrasion with the medium, wear resistance of resin matrix is quite important. A flow of resin composite paste is adjusted by addition of triethylene glycol dimethacrylate (TEGDMA) as a diluted solution to 2,2-bis-[4-(methacryloxy-2-hydroxy-propoxy)-phenyl]-propane (Bis-GMA) resin matrix. As flowable resin composite contains a greater amount of TEGDMA to obtain a high flow property compared with the universal type resin composite, compromised physical properties of polymerized resin matrix is a concerning factor. However, judging from high wear resistance of MIF and EFQ during the threebody wear test, the physical properties of resin matrix would not affect the wear of flowable resin composite. Therefore, the size of the filler could be a more significant factor for the wear resistance of flowable resin composite rather than physical properties of resin matrix.
Furthermore, size and hardness of filler particles influence the wear resistance of flowable resin composite. Condon et al. 17) demonstrated that the particle size used in a medium affected the ability of a medium to abrade the resin matrix of a resin composite. Jorgensen 18) reported that an inter-filler space of less than 0.1 µm would protect the resin matrix from food abrasion on the basis of clinical observations of composite restorations. From SEM observation of PMMA beads used as a medium in the present study, the size of beads ranged from approximately 20 to 120 µm. It was found that the inter-filler spaces of MLV and BFP are larger compared with other materials examined (Fig. 5) . Hence, the abrasion of the photo-polymerized resin matrix in MLV and BFP caused by the PMMA beads might occur more easily due to the larger inter-filler space compared with other materials tested.
From the results of two-body wear testing, BFP exhibited low wear value equivalent to that of the control at every loading interval. On the other hand, MLV showed a significantly greater value compared with other materials except EFQ. EFQ exhibited a gradual increase in two-body wear; however, no significant difference compared with MIF, BFP, and the control specimens during all stages of wear cycles. MLV exhibited high wear values in both two-and threebody wear tests. According to the data provided by the manufacturers, MLV contains barium glass (mean size: 3 µm) and colloidal silica (mean size: 20 nm) fillers, and the total filler content is 81 wt%, which is the greatest amount in the tested materials. Based on the SEM images in Fig. 5 , the amount of large fillers containing MLV seems to be more than other materials, and cracks were observed around fillers after 40,000 cycles. These protruded large fillers might have experienced greater friction with medium or the stylus tip during each wear testing, which led to accelerative wear, as shown in previous studies 6, 12, 16, 17, 19, 20) . Although the two-body wear test in the current study was carried out without medium, the exfoliated fillers may have acted as an abrasive medium. The high wear value of MLV might have an influence on exfoliated filler particles. On the other hand, BFP exhibited high wear resistance for two-body wear in spite of containing large fillers. BFP contains surface reaction-type pre-reacted glass-ionomer (S-PRG) fillers consisting of a stable glass-ionomer phase on glass particles. We speculate that the glass-ionomer phase of S-PRG filler might be abraded by friction with the stylus tip in a similar fashion to abrasion of resin matrix around the filler, and the abrasion of the filler surface might minimize the protrusion and pluck-out of the fillers. These performances may be attributed to the high wear resistance of BFP.
The wear values of MLV for the two-body wear test exhibited large standard deviation values during all stages of wear cycles. Our previous study also reported a considerably large defect with large standard deviations on MLV specimens after cyclic impact loadings 21) . The wear simulator used in the present study possesses a function of impact loading as the stylus tip rapidly contacts the surface of the resin composite restoration. In the previous study evaluating surface degradation of resin composite using cyclic impact loading, it was speculated that the surface degradation of a resin composite in the impact loading area may be caused by micro-cracks and further micro-fracture in the polymerized resin matrix. The similar phenomenon, which could cause large standard deviation, might have occurred in the two-body wear test for some MLV specimens in the present study.
Overall, the null hypothesis, "flowable resin composites tested would not demonstrate significant difference in wear values compared with a universal resin composite tested" is partially accepted. Within the limits of the present study, the results suggest that the wear resistance of flowable resin composite is dependent upon the filler size. It was also suggested that the inclusion of highly dense nano-fillers or spherical submicron filler may be desirable for flowable resin composites.
